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Abstract

Novel Electrolytes for use in new and improved
batteries: An NMR Study.
By Marc B. Berman

Advisor: Professor Steve G. Greenbaum
This thesis focuses on the use of nuclear magnetic resonance (NMR) spectroscopy in order to
study materials for use as electrolytes in batteries. The details of four projects are described in
this thesis as well as a brief theoretical background of NMR. Structural and dynamics properties
were determined using several NMR techniques such as static, MAS, PFG diffusion, and
relaxation to understand microscopic and macroscopic properties of the materials described
within. Nuclei investigate were 1H, 2H, 7Li, 13C, 19F, 23Na, and 27Al. The first project focuses on an
exciting new material to be used as a solid electrolyte membrane. The second project focuses
on the dynamics of ionic liquid-solvent mixtures and their comparison to molecular dynamics
computer simulations. The third project involves a solvent-free film containing NaTFSI salt
mixed in to PEO for use in sodium-ion batteries. This final project focuses on a composite
electrolyte consisting of a ceramic and solid: LiI:PEO:LiAlO2.
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Chapter 1:
Introduction
1.1 Introduction
The world’s need for reliable sources of energy is constantly increasing. The demand for
electricity is expected to double by the year 2050.1 The most common source of energy comes
from the burning of fossil fuels2 which has long term political and environmental ramifications
such as the increase in carbon dioxide in the atmosphere leading to global warming. The need
for a long term solution may be found in that of renewable sources of energy. While renewable
sources, like wind and solar, have seen a two-thirds increase in the US in the last ten years,3
but can only be used intermittently and need a highly efficient energy storage media.
Rechargeable batteries are being studied to mitigate this energy crisis.
1.2 Batteries
Batteries are storage devices that take chemical energy and turn it into electrical energy.
Batteries are composed of three main components, anode, cathode, and electrolyte. The anode
is the negative electrode and is oxidized and gives up electrons to power the load. The cathode
is the positive electrode, accepts electrons, and is reduced during the electrochemical process.
The electrolyte facilitates ion transport from the cathode to anode (during charge) and back
(during discharge). Electrolyte properties are crucial for the performance of a battery. The
schematic for a lithium-ion battery as an example can be seen in Figure 1.2.1.

1

Figure 1.2.1: Schematic of a lithium-ion battery during discharge.

During discharge, electrons will travel from the anode through the load to the cathode. The
reduction and oxidation (redox) reactions are described in eq 1.2.1 for a lead acid battery.

(1.2.1)
Here the forward arrow represents discharge and the backward arrow represents charge.
There are two main types of batteries: primary batteries and secondary batteries. Primary
batteries are convenient, inexpensive, lightweight, and disposable for portable electronic
devices. Primary batteries typically exhibit higher energy densities than rechargeable batteries.
The common types of primary batteries are zinc-carbon and alkaline. Secondary batteries are
2

those that are rechargeable and most commonly found in automobiles e.g. lead-acid and
consumer electronics e.g. nickel-cadium, nickel metal hydride, and lithium-ion. The next section
will focus on lithium-ion batteries which is the main application for the materials described
herein.
1.3 Lithium-ion Batteries
The first commercial lithium-ion battery came to market in 1991 and was introduced by Sony.4
In contemporary lithium-ion batteries the anode is usually composed of layered carbon
(graphite) to allow lithium to be inserted between the layers. In 1979 John B. Goodenough
invented lithium cobalt oxide (LiCoO2) as a cathode for lithium batteries and paved the way for
the lithium-ion battery revolution.5 Today, most cathodes in lithium-ion batteries are a lithiumtransition-metal-oxide or lithium-transition-metal-phosphate with a layered or tunnel
structured to allow lithium to be inserted. Some cathode materials besides LiCO2 include lithium
iron phosphate (LiFePO4), lithium manganese oxide (LiMn2O4), and lithium nickel manganese
cobalt oxide (LiNiMnCoO2). Finally there is an electrolyte between the two electrodes. Typical
electrolytes include a lithium salt dissolved in an organic solvent such as lithium
hexaflurorophosphate (LiPF6), lithium perchlorate (LiClO4), Lithium
bis(trifluoromethanesulfonyl)amide (LiTFSI) and/or lithium trifluoromethanesulfonate (LiTF) for
salts with ethyl carbonate (EC), dimethyl carbonate (DMC), and/or propylene carbonate (PC)
and mixtures of them for solvents. The redox chemical reactions for lithium-ion batteries with a
carbon anode (C) and transition metal (M) cathode can be seen in eq. 1.3.1.

3

( )

( )

(1.3.1)

Here, the forward arrow represents discharge and x and y represents the molar capacities of
the electrode materials. The main advantage of lithium-ion batteries over other types of
batteries is the high specific energy, high energy density, low self-discharge rate, long cycle life,
low weight, and wide temperature ranges of operation. The diagram in Figure 1.3.1 illustrates
the energy density of lithium ion batteries v. other batteries.6 The choices for which anodes,
cathodes, and electrolytes are used to manufacture a battery varies with the desired
electrochemical and mechanical properties. The following section will focus on electrolytes
since that is the focus of this thesis.

Figure 1.3.1: Energy density in Watt-hours per liter v. Energy density in Watt- hours per kilogram. Reproduced from
reference 6.

4

1.4 Electrolytes for Lithium-Ion Batteries
As mentioned in section 1.3, it was the development and improvement of cathodes that led to
the lithium-ion battery revolution. Much of the improvements in electrochemical properties,
mechanical properties, and cost have come from focusing on cathode materials. Little has
changed in the electrolyte which, as mentioned in section 1.3, contains a lithium salt dissolved
in an organic solvent. Reddy7 proposed that an electrolyte should follow 5 rules for use in
lithium-ion batteries which are as follows:
1. Should have a wide electrochemical window of 0-5 Volts.
2. The electrolyte must have low reactivity and be compatible with anodes and cathodes
as well as forming a good solid electrolyte interphase (SEI) layer.
3. The ion conductivity must be sufficient (around 1 mS/cm) to minimize internal
resistance.
4. High lithium-ion transference numbers approaching 1 are preferred to avoid
concentration polarization.
5. Thermal stability up to at least 70°C and as low as -40°C.
There are many types of electrolytes besides carbonate the solvent-salt solutions and
some discussion on a select few of them follows.
Room temperature ionic liquids (IL) have desirable properties for use as electrolytes
that include nom-flammability, low vapor pressure, thermally stable, electrically stable, low
melting points, and relatively high ion conductivity10. It is theorized that there are 1018 different
types of IL.11 Major drawbacks of IL include their synthesis cost and the conductivity not being
5

as high as those seen in organic solvents. Ionic Liquid-solvent mixtures have been seen12 to
boost the ion conductivity as well as “tailor” the IL properties to fit the electrochemical
applications and reduce costs.
Solid inorganic electrolytes, which are usually comprised of materials in the glass or
ceramic phases, are also candidates to be used as electrolytes. One of the most heavily studied
glass materials is lithium phosphorus oxynitride (LIPON). This glass was invented at Oak Ridge
National Laboratory in the early 1990s.13 Even though the conductivities are only as high as 1-2
µS/cm, the films only need to be cast at 1 µm thick to create a pinhole-free barrier. They also
have a Li+ transference number close to 1 and have a large electrochemical stability window.
Other ceramics, including the newly discovered Li10GeP2S1214, showed very high room
temperature conductivities (12 mS/cm) as well as high diffusion of ions.
Solid polymer electrolytes (SPE) have also been widely studied since the late 1970’s. SPE
have the benefits of being flame-resistant, flexible and generally low cost in design.15 There is
also no need for a separator, as is present in liquids. because the electrolyte also acts as a
separator.7 Poly(ethylene) oxide (PEO) is one of the most commonly studied polymers as a host
material to create an effective solid polymer electrolyte.15 Lithium salts (like those listed in
section 1.3) are added to the host polymer to provide a source of ions for conduction. Despite
nearly 40 years of research on PEO – salt complexes, improvements in electrical and mechanical
properties for battery applications can best be described as incremental. Among early
strategies to improve mechanical properties was the incorporation of ceramic particles. 16,17,18,
19,20

The presence of the ceramic particles can also have a positive influence on ionic motion
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and in favorable circumstances can increase the Li+ transference number. Other solid polymer
electrolyte materials are also currently being studied to further improve battery performance.
An example of an exciting new non-PEO based SPE is discussed in chapter 3.
1.5 Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) spectroscopy was first discovered simultaneously
around 1945 by Dr. Edward Purcell’s group at Harvard University and Dr. Felix Bloch’s group at
Stanford University. Their work, which earned them the 1952 Nobel Prize in physics,
revolutionized what was known or could be known about nuclei. Over the past 70 years, NMR
spectroscopy has led to advances in biology, chemistry, food science, medicine, physics, and
materials science.21 NMR spectroscopy is a very powerful technique because it is nucleus
specific, non-invasive, and non-destructive, probes atomic scale structure, and probes short
range and long range dynamics just to name a few reasons. NMR spectroscopy is very useful for
measuring structural and dynamic properties in order to get a better fundamental
understanding of certain electrolyte materials. The following work centers on the use of NMR
spectroscopy to measure dynamic and structural properties of a select few novel electrolyte
materials for use in batteries.
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Chapter 2:
Nuclear Magnetic Resonance Theory
2.1: Theoretical Background of NMR

Nuclear Magnetic Resonance (NMR) is a powerful tool used to study the structure and
dynamics of materials. When a nonzero spin nucleus is placed in a magnetic field the spins will
precess around the direction of the magnetic field as shown in the Figure 2.1.1 below.

Figure 2.1.1: An example of nuclear spins processing around the z-axis.

This is due to a nuclear magnetic moment which is related to the spin angular momentum I by
⃗

(2.1.1)

where γ is the gyromagnetic ratio. Since angular momentum is quantized, the nuclear magnetic
moment will also be quantized. In an external magnetic field (B) the spin states will therefore
have quantized energies given by:
⃗

⃗

⃗

(2.1.2)
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Looking at this relation shows that the minimum energy occurs when the µ and B are aligned.
Since in the NMR spectrometer the field is applied along the z-axis this case applies and by
plugging in eq. 2.1.1 into eq. 2.1.2 we get the energy to be:
̂

(2.1.3)

Here Iz is the spin angular momentum in the z-direction which has the following quantization
̂

(2.1.4)

Where ħ is Planck’s constant and m is known as the magnetic quantum number and can only
take the values

m = (-I, -I+1,…,I-1, I). Plugging (2.1.4) into (2.1.3) we get the following
(2.1.5)

From this we can see that the energy difference between the m and the m+1 energy level is
(2.1.6)
We know from Planck’s relation that the frequency of electromagnetic radiation is given by
(2.1.7)
where ω is the angular frequency. It can finally be seen that the frequency of precession is
(2.1.8)
This is known as the Larmor frequency. Thus for a given field strength the resonance frequency
of a nucleus is proportional to the gyromagnetic ratio which is specific to each nucleus. The
phenomenon above have been describing for a singular spin. We must now account for the
10

macroscopic number of spins in a given sample and to do this we take into account Boltzmann
statistics which follows as such

(2.1.9)

Where

is the number of nuclei is in the highest energy level,

the lowest energy level,

is the number of nuclei in

, k is the Boltzmann constant and T is the temperature. In a

macroscopic sample there will be a net magnetization of the material in the direction of
magnetic field B0 (z-direction) as seen in Figure 2.1.2 below. This is called the material’s
equilibrium magnetization vector (M0).

Figure 2.1.2: Diagram of net magnetization vector M0 pointing along the z-axis due to the applied magnetic field B0
along the z-axis.

For NMR we can use this coordinate system so that initially Mo is only along the z-axis and
there is no magnetization along the x and y axes or:
⃗⃗
⃗⃗

11

If a radio frequency (rf) pulse is applied to a coil, that is perpendicular to B0 it generates an
oscillating magnetic field of intensity B1 perpendicular to the static field B0. The individual
nuclear moments will flip due to the new magnetic field and the total magnetization M0 is
rotated away from the static field too as shown in Figure 2.1.3 below.

Figure 2.1.3: The net magnetization vector rotates into the x-y plane from the application of R-F pulse.

The angle of rotation or flip angle is given by:
(2.1.12)
Which depends on the strength of the magnetic field produced by the coil (B1), the duration of
the pulse and .

2.2: Relaxation
When the rf pulse is on the nuclear spins will rotate according to formula 2.1.12. Once the rf
pulse is turned off the spins will eventually relax back to thermal equilibration. In 1946 Felix
Bloch described the phenomelogical process of with two sets of equations (known as Bloch’s
equations) which correspond to relaxation in the z-axis and relaxation in the x-y plane given by:
⃗⃗

⃗⃗

⃗⃗

⃗⃗

;

(2.2.1)

⃗⃗

⃗⃗

(2.2.2)
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Here Mz, Mx, and My represent the magnetizations along z, x, and y, and axis respectively. T1 is
known as the spin-lattice relaxation or longitudinal relaxation time and T2 is known as the spinspin relaxation or transverse relaxation time. The solutions to Bloch’s equations are the
following:
⃗⃗

(2.2.3)
⃗⃗

(2.2.4)

Therefore the definition of T1 is the time it takes for the magnetization vector to recover 1-1/e
(≈ 63.2%) of the equilibrium magnetization. Accordingly T2 is defined as the time it takes for the
magnetization vector to decay to 1/e (≈ 36.8%) of the magnetization vector that was rotated
90° fully into the x-y plane. This is shown in Figure 2.2.1 and 2.2.2 below:

Figure 2.2.1: Exponential recovery of Mz detailing T1.
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Figure 2.2.2: Exponential decay of Mxy detailing T2.

The main interactions that govern the relaxation mechanisms are: magnetic dipole-dipole
coupling, electric quadrupole interaction, and chemical shift interactions.
2.3: Dipole-Dipole Coupling
A system of two nuclei with a spins I1 and I2 will have a corresponding magnetic moment
µ1 and µ2. The energy between these two magnetic dipoles µ1 and µ2 is
⃗⃗⃗⃗ ⃗⃗⃗⃗

⃗⃗⃗⃗

⃗⃗⃗⃗

(2.3.1)

Where µ0 is the permeability of free space and r is the distance between them. This system is
shown below in Figure 2.3.1

Figure 2.3.1: The dipole interaction of a 2 spin system.
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The Hamiltonian for this system will be
⃗⃗⃗⃗⃗ ⃗⃗⃗⃗⃗

⃗⃗⃗⃗⃗

⃗⃗⃗⃗⃗

(2.3.2)

From eq. 2.1.1 we know that µ1=γ1ħI1 and µ2=γ2ħI2. Since there is an angular dependence of the
Hamiltonian it is useful to express eq. 2.3.3 into spherical coordinates which becomes.
̂

(2.3.3)

Where

)

)

)

) (2.3.4)

The dipole-dipole interaction is much smaller than the Zeeman interaction, especially at high
magnetic fields. Since terms C, D, E, and F are much smaller they are usually neglectd and only
the A and B terms are considered. The A and B terms are known as the secular terms since they
commute with the Zeeman Hamiltonian while C,D,E terms do not. The A term considers
heternuclear spins while the B term concerns homonuclear spins. Since the dipole-dipole
15

interaction strength depends on the orientation and separation distances it is very useful for
the study of molecular structure and these distances. In the solid state there are a large number
of spin-spin dipolar interactions. These have an effect of broadening the NMR spectrum
symmetrically. The dipolar interaction can be treated as Gaussian and/or Lorentzian of the
polycrystalline powder pattern which can be seen in Figure 2.3.2 below.

1

Figure 2.3.2: H powder pattern of a CaSO4.2H2O powder and comparison with a single crystal.

Additionally it is possible to “cancel” the dipole-dipole relation by setting the angular A and B
terms in eq. 2.3.3 equal to 0. This is shown below in eq. 2.3.5
(2.3.5)
This is known as the magic angle and it occurs when θ = 54.74°. This is useful for magic angle
spinning NMR (MAS NMR).
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2.4 Quadrupolar Interaction
If the spin of the nucleus is greater than ½ there will be an interaction with the surrounding
electric field gradient created primarily by the bonding electrons. This arises because of nonspherical distribution of the nuclear spin. The interaction between the nuclear electric
quadrupole moment and the electric field gradient is known as the quadrupolar interaction.
This interaction is important in most solids. The Hamiltonian for the quadrupole moment is can
be seen in eq. 2.4.1.
̂

̂

̂ (2.4.1)

Where V is the electric field gradient (EFG), I is the nuclear spin vector and Q is the nuclear
quadrupole moment. The electric field gradient is represented as a diagonal matrix in its
principal axis system (PAS). This is obtained by a rotation that satisfies that V xx + Vyy + Vzz = 0 and
|Vxx|< |Vyy|< |Vzz|. This matrix representation is shown in eq. 2.4.2 below.

(

)

(

) (2.4.2)

In the EFG PAS, the quadrupolar Hamilton then becomes:

̂

[

(

)]

Where e is the magnitude of the electron charge and eq=Vzz the largest component of the EFG.
η is the asymmetry parameter and is defined in eq. 2.4.4.
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(2.4.4)

If we assume the case where the EFG has axial symmetry, (Vxx = Vyy or

= 0) the Hamiltonian in

2.4.3 becomes:
̂

(2.4.5)

Using Perturbation theory the first ordered correction to the Zeeman energy to the quadrupole
coupling becomes
*(

)

+ (2.4.6)

The qudrupolar coupling shifts the nuclear resonance position. Figure 2.4.1 shows the example
of these shifts for I = 3/2

Figure 2.4.1: First and Second order qudrupolar splitting of I=3/2 nuclei.
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The distribution of the electrons that generate the EFG will determine the quadrupolecouping constant Q and the value of the asymmetry parameter η. These values can be
determined from NMR spectra and provide information about properties of the electron
distribution. The other observation is that the second order correction depends on the inverse
of the Larmor frequency. Therefore, second order quadrupole effects (typically observed as
splittings and broadening of the central transition) are reduced upon measurement at higher
fields. The second order correction to the energy can be calculated from second order
perturbation theory and is seen in eq. 2.4.7.

(
)(

)(

)

(
)

(

)

(
)

)

)(
(

)(

(2.4.7)

The second order quadrupole leads to broadening in the central transition. This can be
seen in Figure 2.4.2 below.
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Figure 2.4.2: Example of 1 order and 2 order quadrupolar effects on an NMR spectrum.

2.5 Chemical Shift
When an atom is placed in an external magnetic field, B0, electronic motions will
respond similar to classical Lenz’s law. These circulating currents will generate an induced
magnetic field. This is shown in Figure 2.5.1. This is secondary magnetic field contributes to the
external field to produce a total effective magnetic field on the nucleus.
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Figure 2.5.1: Diagram of the mechanism for chemical shift.

The interaction of the nucleus with this secondary magnetic field is known as the chemical shift
interaction. If the effective magnetic field is less than or greater than the magnetic field this is
known as shielding or deshielding respectively. The effective magnetic field is described by eq.
2.5.1 below:
(2.5.1)
σ is a dimensionless parameter known as the shielding constant. This induced field will shift the
resonance frequency slightly away from the Larmor frequency. The condition for resonance
then becomes
(2.5.2)
where γ1 is known as the chemical shift frequency. The total frequency in absolute units is the
Larmor frequency plus the chemical shift frequency. Typically these shifts are on the order of
Hz, and 1Hz/1MHz is 1 in 1 million so parts per million (ppm) are used to on a scale referenced
to a specific line of a chemical standard. The chemical shift δiso is then given as
(2.5.3)
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Therefore the Hamiltonian for the chemical shift becomes
̂

̂

(2.5.4)

In eq. 2.5.4 σ is a second rank tensor which called the shielding tensor which is expressed as a
3x3 matrix shown in eq. 2.5.5
(

) (2.5.5)

The product of the shielding tensor in the laboratory frame with the magnetic field along the Zaxis is the effective magnetic field Bwff

(

)(

)

(

)

It is advantageous to use the PAS frame so that the shielding tensor is a matrix with diagonal
components shown as

(

) (2.5.7)

The orientation of the PAS is determined by the interactions that take place in the local
environment of the nucleus. There are three principal values of the ineraction tensor and they
are the isotropic value δiso, the anisotropy Δaniso, and the asymmetery parameter η which are
shown below:
(

(2.5.8)
(2.5.9)
(2.5.10)
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2.6 Basic NMR Pulse Sequences
The most basic NMR pulse sequences is the Single Pulse sequence. This consists of a single

RF

pulse followed by a short delay and acquisition of the signal. The Pulse sequence diagram is
shown in Figure 2.6.1. The purpose of the

pulse is to completely flip the magnetization into

the x-y plane which maximizes the detection of the Free Induction decay (FID) or time domain
signal. This signal is detected after a pulse delay (DE) which is used as there needs to be a brief
amount of time (~10 µs) for the receiver to recover after the applied RF pulse. The recycle delay
time d1 is chosen such that the magnetization is fully relaxed into thermal equilibrium.
Otherwise saturation of the signal can occur, leading to a reduced signal intensity. d1 times are
usually chosen such that they are greater than 5T1. The NMR frequency spectrum is determined
by a Fourier transformation and other processing of the FID such as phase correction, line
broadening, and applying a weighting function.

Figure 2.6.1: Pulse sequence diagram for a single pulse.

Because of rapid decay of the FID in some cases (from magnetic field inhomegenity as
well as other factors) the spin-echo pulse sequence is useful for a variety of spectroscopic
applications. The spin echo pulse sequence diagram is shown in Figure 2.6.1.
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Figure 2.6.2: Spin Echo Pulse Sequence.

The spin-echo sequence consists of two pulses. First a

RF pulse is applied to flip the spin into

the xy-plane. Due to the inhomogeneities of the magnetic field the spins will “spread” during a
time τ. After this time τ, a π RF pulse is applied. This flips the spins along the x-y plane. During a
second period of time τ, the spins will refocus forming an echo. Figure 2.6.3 gives an illustration
of this process.

Figure 2.6.3: Illustration of the spin echo sequence. (A) Magnetization at equilibrium pointing along the z-axis; (B)
Application of the first

pulse, flipping the magnetization vector in the x-y plane; (C) Spreading of the

magnetization due to inhomogeneities in the magnetic field; (D) Continued spreading of the individual spins (E)
application of the π pulse flipping the individual spins in the x-y plan; (F) Refocusing of the spins; (G) creation of an
echo in the x-y plane.
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For nuclei that have spin greater that ½. it is advantageous to use a second pulse of a shorter
length in order to excite all satellite transitions. The length of the pulse is determined by eq.
2.6.1,
(2.6.2)
where tπ/2 is the time for a

pulse, and I is the magnitude of the spin. This is shown in Figure

2.6.2 for a spin 3/2 nuclei where the both pulses are

pulses.

Since it is now possible to measure the homogenous decay using the spin-echo
technique, by varying the time τ, the spin-spin relaxation time, T2, can be determined by fitting
to Bloch’s equation (eq. 2.2.4).
There are several pulse sequences used to find T1, two of which are described here. The
first pulse sequence is the saturation recovery sequence. The pulse sequence is shown in Figure
2.6.4 below

Figure 2.6.4: Saturation Recovery Pulse sequence with drive train in the beginning.

In this pulse sequence the first series of pulses is used to saturate the signal so that the Mz =
0. Then during a time τ the spins are allowed to relax via T1 processes. Then a final pulse is
25

applied to acquire the signal. By varying the time τ we can extract T1 and fit it to eq. 2.2.4
.Another

sequence used is the inversion recovery sequence which is pictured below in Figure

2.6.5

Figure 2.6.5: T1 inversion recovery pulse sequence.

For the inversion recovery sequence initially a π pulse is applied inverting the magnetization
from the +z-axis to the –z-axis. Then after a time τ, a

pulse is applied to acquire the signal.

During this time τ the spins will relax according to T1 following Bloch’s equation. Since the
magnetization vector is relaxing from the –z axis to +z axis a modification of Bloch’s equation
(eq. 2.2.4) by a factor of 2 is necessary and this is shown in eq. 2.6.2.

(2.6.2)
For longer T1 values usually the saturation recovery sequence is used in order to shorten total
experiment time. This is because the values need for a good fit need only go from M z = 0 to Mz
= M0 instead of going from Mz = -M0 to Mz = M0 like in the inversion recovery sequence.
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2.7 Diffusion:
There are multiple types of diffusion. For materials relating to batteries it is important to
consider the translational or Self Diffusion. Self Diffusion refers to molecules or ions undergoing
translations in space which are random. This can be thought as Brownian motion where there is
no driving force. The Self Diffusion Coefficient (noted as D) is measured in m 2s-1. This
measurement is important to determine sizes and shapes of molecules and the interaction with
their environment. The relation between D and the molecular size is defined by the SutherlandEinstein (also known as Stokes-Einstein) equation:

(2.7.1)

Where Rh is a hydrodynamic radius, η is the viscosity of the medium,

is Boltzmann's

constant, and T is the absolute temperature. This indicates that molecular size becomes
quantifiable through observed self-diffusion coefficients. Diffusion is also related to Ionic
Conductivity of a solution containing an anion and cation by the Nernst-Einstein equation

(2.7.2)

where Na is Avogadro’s number, and e is the electronic charge. A Common technique to
measure diffusion with NMR is the Pulsed Field Gradient Spin Echo (PFGSE) NMR experiment.
The intensity of the echo is dependent on the spin amplitude and its phase. The pulse sequence
is pictured below in Figure 2.7.1.
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Figure 2.7.1: An example of a Pulsed Field Gradient Spin Echo (PFGSE) Pulse Sequence.

In this pulse sequence a pulse is applied followed by a time τ and then a π pulse is applied
creating an echo after time τ. The central idea is that any particle motion within the 2τ period
will be encoded as diminishing echo intensity with increasing applied gradient strength. The
gradients are applied for a time δ and are separated by Δ. This occurs because the
magnetization at time τ following the π pulse will be an average of the contributions from all
nuclei described in eq. 2.7.3:
〈

∫

∫

〉 (2.7.3)

where ωL refers to the lamor frequency. The first term in the brackets corresponds to
dephasing and the second terms to rephrasing. The negative sign on the second term is due to
the π pulse flipping the magnetization. If there is any global molecular motion, the dephasing
and rephrasing will not cancel at time 2τ and therefore the amplitude of the echo will be
reduced. As the spin phase depends on γ, the gradient strength g, and the physical position
along the z-axis, the phase of the field of echo can be expressed as in eq. 2.7.4
∫

(2.7.4)

te is the time at which the maximum echo occurs. By expanding the integral the phase can be
rewritten as
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∫

(2.7.5)

Where v(t) is the velocity of the nuclei and G(te) = 0. G(t) is defined in eq. 2.7.6 as
∫

(2.7.6)

Where g(t’) is the time dependent effective field gradient. The amplitude of the spin echo is
given as the sum of all contributions of the N-spins and can be expressed as the sum in eq. 2.7.7
∑

〈

〉 (2.7.7)

This is what is seen in eq. 2.7.3. The second term of the equation can be expand to
〈

〉

〈

〉 〈

〉

(2.7.8)

If the motion of the spin is unrestricted and isotropic then Φ(t e)is expressed as a Gaussian
distribution with 0 mean value. Therefore 2.7.7 reduces to
〈

〉

(2.7.9)

Plugging this into eq. 2.7.5 and averaging the echo with the velocity autocrrelation function
(2.A.1) M(te) is expressed as
∫

∫

〈

〉

(2.7.10)

The self diffusion coefficient in a homogeneous system is related to the root mean square
displacement of the molecules defined as

〈 〉

(2.7.11)
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Where n is the number of dimensions a particle can move within and D is the self diffusion
coefficient. Assuming isotropic diffusion, the velocity autocorrelation function can be expressed
by a Dirac delta function as
〈

〉

(2.7.12)

Plugging 2.7.12 into 2.7.10 yields

∫

(2.7.13)

Solving for 2.7.13 yields:

(2.7.14)
In a PFGSE experiment usually Δ, τ, and δ are held constant. Varying the gradient strength
yields a decrease in intensity of the overall signal. The self diffusion coefficient (D) is then
extracted from a fit of the integrated echo signal (A(g,2τ)) by using the Stejskal-Tanner
equation:

(2.7.15)
A(0,0) is the initial amplitude (arbitrary units)
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2.A Appendix
The velocity autocorrelation function is defined as
〈

〉 (2.A.1)

Where
〈

〉 (2.A.2)
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Chapter 3:
Ionic Materials LLC Solid Electrolyte Membranes: a Novel Electrolyte
for Use in Lithium-ion Batteries
3.1 Introduction
Over the past four decades, much of the research on solid polymer electrolytes has focused on
Poly(etheylne) oxide (PEO)1 and much of this concerns the effect of adding ceramic fillers2,3,4,5,6
to improve on the mechanical properties, or on the use of different salt complexes to improve
the electrochemical properties. Despite all of this research and time the improvements can best
be described as incremental. PEO based electrolytes usually have conductivities that are too
low at room temperature and only show reasonably high conductivities when the temperature
is higher than 60°C. Another drawback includes low transference numbers, which is not ideal
for battery formation and operation. This chapter focuses on a collaboration with Professor
Mike Zimmerman and his company, Ionic Materials LLC (IM), and their synthesis and
characterization of a new solid electrolyte membrane (SEM). This polymer is not PEO-based and
uses either lithium hydroxide, (LiOH), lithium bis(trifluoromethanesulfonyl)amide (LiTFSI), or
bis(fluorosulfonyl)imide (LiFSI) as the Li ion source. The membrane has shown exceptionally
high diffusion, transference numbers, and altogether favorable properties that would be
revolutionary for the battery community. Nuclear magnetic resonance experiments were used
to test structural and dynamic properties of this new and exciting material in order to better
understand its outstanding electrochemical properties.
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3.2 Sample Preparation at Ionic Materials
All samples were prepared at Ionic Materials LLC in North Andover, MA under the direction of
Professor Mike Zimmerman. Because of the confidential and highly proprietary nature of this
project, and the non-disclosure agreement signed with IM the details of the preparation of the
IM solid electrolytes are not included.
3.3 NMR Measurements at Hunter College.
Samples were prepared by IM and sent to Hunter College for analysis. The samples discussed
here have the following designations. Each sample consisted of polymer, an activating agent,
and an a lithium compound. The 1st generation samples which use lithium hydroxide (LiOH) as
the ion carriers are designated by “X-Y”, where X is the percent by weight of the activating
agent and Y is the percent by weight of the LiOH. The 2nd generation uses the designations IME3 and IME-4, which use lithium bis(trifluoromethanesulfonate)imide (LiTFSI) as the ion source.
The 3rd generation electrolytes have the designations IME-5, IME-5s, IME-6, IME-7, and
SE00028-3. IME-5 uses LiTFSI as the ion carrier, IME-5s also used LiTFSI but contained inert
filler, IME-6 uses lithium bis(flourosulfonyl)imide (LiFSI) as the ion carriers, IME-7 uses both
LiTFSI and LiFSI as the ion carriers and SE00028-3 was similar to IME-5 but was prepared using
an extrusion method and a slightly different formula. For further clarity see Table 3.3.1.
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Sample Designation

Ion Carrier

“X-Y”

LiOH

IME-3

LiTFSI

IME-4

LiTFSI

IME-5, IME-5s

LiTFSI

IME-6

LiFSI

IME-7

LiTFSI + LiFSI

SE00028-3

LiTFSI
Table 3.3.1: List of samples discussed with their corresponding ion-carriers.

Pulsed Field Gradient Nuclear Magnetic Resonance (PFGNMR) diffusion experiments were
performed on a Varian 300 MHz direct drive wide bore spectrometer using a DOTY diffusion
probe. 1H, 7Li, and 19F were the nuclei investigated. Self diffusion coefficients were obtained
using a pulsed field gradient stimulated echo pulse sequence. Gradient strengths were varied
up to 1000 G/cm and then the spectra were integrated and fit to a two-component StejskalTanner equation seen in equation 3.3.1 to extract the Self Diffusion Coefficients

τ

(

)

(

)

(

)

(3.3.1)

where A(0,0) is the initial amplitude, Pf is the fraction of the fast diffusing species; Df is the self
diffusion coefficient for the fast diffusing species; Ds is the self diffusion coefficient for the slow
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diffusing species; δ is the gradient pulse length; g is the gradient strength; γ is the gyromagnetic
ratio; and Δ is the diffusion time. 1H T1 and T2 experiments were performed using a DOTY
diffusion probe.

7

Li T1 and T2 experiments were performed using a Chemagnetics broadband

probe. 19F T1 and T2 experiments were performed on an Otsuka Electronics low fluorine
background probe. T1 relaxation times were obtained using an inverse recovery pulse sequence
with recovery times ranging from 10 µs to 7.5 s for the LiOH samples, IME-3, IME-4, IME-5, and
IME-7. For the IME-6 samples a saturation recovery sequence was used with recovery times
ranging from 10 µs to 10 s. All T1 data was fit to a two-component Bloch’s equation which is
seen in equation 3.3.2 where Mo is the initial magnetization, Pa is the fraction of the ‘a’
component, αa/αb are fitting parameters to ensure full inversion of the signal, and T1a and T1b
are the spin-lattice relaxations times in the z-direction for each of the ‘a’ and ‘b’ components
respectively.

[

(

)

(

)] (3.3.2)

T2 relaxation times were obtained using a Hahn echo pulse sequence with τ times ranging from
0.05 to 20 ms. All T2 data was fit using a two-component Bloch’s equation which is seen in
equation 3.3.3 where Mxyo is the initial magnetization in the x-y plane, Pa is the fraction of the
‘a’ component, and T2a and T2b are the relaxations in the x-y plane for the ‘a’ and ‘b’
components respectively. Note that in equation 3.3.2 and equation 3.3.3 the ‘a’ and ‘b’
components might not be the same.

⃗⃗

(3.3.3)
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All T1, T2, and diffusion experiments were performed within the range of -44°C to 80°C. It was
noted, however, the IME-5s sample was found to be thermally unstable above room
temperature. This was evident when the diffusion at higher temperatures was found to be
lower than that of lower temperature. T2 values were also shown to decrease after the sample
was run at high temperature. By heating and cooling the sample we were not able measure the
diffusion at room temperature reproducibly.
1

H and 13C spectra were obtained on a Varian 500 MHz narrow bore spectrometer using

a DOTY DSI -1257 CP/MAS with a low Proton/Carbon background using tetramethylsilane (TMS)
set as 0 ppm as a reference. Spectra were obtained using a one pulse experiment for 13C and 1H
spinning at the magic angle (54.7°) up to speeds of 20 kHz. CP-MAS experiments were also
performed at speeds up to 12 kHz. 1H and 13C Liquid line experiments were performed on a
Bruker 500 MHz narrow bore spectrometer with a cryoprobe.
3.4 Results and Discussion for 1st Generation LiOH Samples.
Along with the first generation samples the pristine polymer and activating agent were
sent to Hunter College. Liquid line NMR was performed on these samples to confirm their
structures. The polymer was dissolved in benzene d-6, while the activating agent was dissolved
in acetone-d6. Based on the chemical shifts of the polymer peaks we were able to confirm the
structure with that of literature.7 Solid State MAS NMR was also performed on both the
finished film and its components, however, these results are proprietary.
When the diffusion measurements were first performed it was noticed that the StejskalTanner equation didn’t correctly fit the data. The first solution was to try and attempt an
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anisotropic diffusion fit. While the anisotropic diffusion fit the data well, it was also proposed
that it might be possible to observe two-components in NMR relaxation data. When it was
noticed that T1 measurements were also were better fit with a tow-component model the twocomponent model was the one used going forward. For an example of the one-component v.
two-component fits see Figure 3.4.1.

Figure 3.4.1: Example of 1 and 2 component fits for diffusion and T1 relaxation for the 4-30 sample at room
temperature. Note: error bars in the 2-component fits are too small to see.

Note that in the fits of the data the ratios of the weights of the two components were not the
same for each sample and temperature. While this might be concerning and would suggest that
the two-component model is incorrect, the timescales that diffusion and T 1 relaxation probe
differ by several orders of magnitude. T1 probes very local structure while diffusion probes
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more long range motion. The ratios of fast diffusing to slow diffusing and fast relaxing to slow
relaxing were fairly consistent for each individual sample across the temperatures measured
however overall there was no consensus value for the ratio and no trends seen when
comparing it to the ratio of the activating agent to the LiOH content. The 4-30 samples had the
highest 7Li diffusion value. The values measured were 448 x 10-12 m2/s for 1H and 227 x 10-12
m2/s for 7Li. These values are extremely high and at the time of this writing no solid materials
exist with values close to these values. It should be noted, however that these samples were
prepared in ambient conditions. It is possible that there is an influence of H 2O that assists in the
diffusion. Even so, these values are still very favorable for battery materials. The results of
diffusion for all the samples can be seen in Figure 3.4.2.
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Figure 3.4.2a: Arrhenius plots of Diffusion v. inverse temperature on the 1 generation samples for H.
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Figure 3.4.2b: Arrhenius plots of Diffusion v. inverse temperature on the 1 generation samples for Li.

To further investigate the effects of water possibly present in the samples, a deuterated
compound namely LiOD was incorporated into the film and sent to Hunter College for
investigation. The 2H MAS NMR spectrum in Figure 3.4.3 shows that the spectrum of the LiODenriched electrolyte is mainly composed by a single peak resonating at 0 ppm. This feature
indicates that most of 2H nuclei are experiencing very fast motion. The spinning sidebands,
which are evidence of structure, are of a very weak intensity indicating that only a very small
fraction of 2H is constrained.
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Figure 3.4.3.MAS H NMR spectrum (15 kHz, quad. echo experiments) of LiOD-enriched electrolyte. In the upper
insert, the intensity was increased (x32) in order to show the spinning sidebands.

At this time, it is not possible to assign the very intense and fine peak to highly mobile hydroxyls
ions or water molecules. In order to avoid this ambiguity, the electrolyte was heated at 80°C
under vacuum for 12 hours. After heating the signal of mobile 2H was completely suppressed
which is shown in the spectrum shown in Figure 3.4.4. The spectrum is now only composed of
“structural 2H”. This feature strongly suggests that the signal of mobile 2H was indeed due at
least partialy to residual water. This agrees with the hypothesis that the diffusion values were
so high because the ions had a water-assisted diffusion.
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Figure 3.4.4 MAS H NMR spectrum (15 kHz, quad. echo experiments) of LiOD-enriched electrolyte after heat
treatment.

3.5 Results and Discussion for 2nd Generation Samples
As mentioned in section 3.2 the 2nd and 3rd generation samples were prepared using a Li+ cation
and a fluorine based anion. These samples were sent to Hunter College for structural and
dynamic analysis. The 1H and 13C NMR MAS spectra were obtained for both IME-3 and IME-4
but for proprietary reasons they are omitted. It was discovered via the 13C spectra that IME-3
contained evidence of residual solvent. This was not seen in IME-4. Even with less residual
solvent however the diffusion coefficients for IME-4 were slightly greater than that of IME-3 at
room temperature. Despite the presumed electrochemical stability issues associated with
residual solvent, this is a very important finding because it verifies that ionic diffusion is not
“solvent-assisted”. This is shown in the Arrhenius plot in Figure 3.5.1 for all of the diffusing
species in both samples.
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Figure 3.5.1: Arrhenius plot of Diffusion coefficients v. inverse temperature for IME-3.

As the temperature initially decreased there was a steeper decrease in the diffusion
coefficients for both nuclei in the IME-4 sample; this was not seen in the IME-3 sample. After
the initial sharp decrease 7Li Diffusion coefficients roughly show an Arrhenius behavior over the
limited temperature range. Values for diffusion were measured only from 25°C down to -20°C
for the 7Li nuclei and at 25°C and 0°C for 19F nuclei due to short T1 and especially T2 times. The
relaxation times are the main limiting factors in the PFGNMR experiment. With T 2 relaxation
time being short (on the order of a few ms) in order to obtain an echo, diffusion times (Δ) must
be short as well. With shorter diffusion times nuclear signal will not exhibit sufficient
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attenuation of the echo, unless very high gradient strengths (beyond the capability of most
instruments) are used. T2 measurements were performed and confirm that at temperatures
lower than 0°C for 19F and lower than -25°C 7Li the values for T2 were too short to perform
PFGNMR diffusion measurements. The T2 measurements also showed two-component
behavior. This led to further evidence that there are two mobile species that are present in the
PE. The results for the relaxation measurements can be seen in Figure 3.5.2
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Figure 3.5.2: Arrhenius plot of T2 relaxation v. Inverse Temperature detailing the two components for IME-4.
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Two-component diffusion measurements were chosen because previously in the IME-3 and the
LiOH samples it was noticed that there was two-component fit was the best fit as opposed to
one-component or single process with anisotropic diffusion. This was again seen in the IME-4
diffusion. The results of the fittings can be seen in Table 3.5.1. There was a slight temperature
dependence of the ratio between fast and slow components.
7

Temperature (°C)

Li %-fast

7

Li %-fast

19

19

F %-fast

F %-fast

IME-3

IME-4

IME-3

IME-4

25

75

77

61

54

0

53

77

54

53

-11

41

54

30

-

Table 3.5.1: The ratio of the “fast” component from the two-component diffusion fit for IME-3 and IME-4 at the
given temperatures.

From the diffusion measurements, the Li+ transference number can be determined. The
cation transference number is the fractional charge carried by the Li+ ion in this case, given by
D+/(D+ + D-). The transference number is reported here by using both the fast component, and
then a weighted average of the fast and slow component. The values can be seen in Table 3.5.2.
Sample

Li+ transference
number from fast

IME-3

0.59

Li+ transference
number from
weighted fast and
slow
0.67

IME-4

0.68

0.76

+

Table 3.5.2: Li transference numbers at 25°C for samples IME-3 and IME-4.

45

The values are much higher than what is normally observed in PEO-Li8 salt complexes or
even in standard LiPF6 liquid carbonate electrolytes9. There is a caveat here in that NMR
transference numbers often differ from values obtained by the electrochemical (i.e. BruceVincent) method because NMR tracks all mobile entities including neutral ion pairs.
Nonetheless, the electrochemical method also reveals Li transference significantly higher than
0.5. This has important implications for battery efficiency because higher anion mobility can
lead to concentration gradients within the electrolyte that would increase the internal
resistance.10 Interestingly, the 1st gerneration LiOH-based polymer electrolytes exhibited faster
anion than cation diffusion.

3.6 Results and discussion for 3rd Generation Samples
NOTE: SOME SPECTRA AND DETAILS CONTAINING PROPRIETARY AND/OR CONFIDENTAIL
MATERIAL HAS BEEN REMOVED OR CHANGED.
After 60+ hours spinning at 15 kHz separation occurred in material and liquid leaked
from the rotor suggesting that IME-5 is more of a gel than a solid polymer. This was later
confirmed by removing the sample from the rotor and noticing that there was a “hole” in the
center of the sample that arose from the centrifugal effects forcing the liquid out of the rotor
and the rest of the material being squeezed against the rotor wall. This can be seen in Figure
3.6.1

46

Figure 3.6.1: Photograph of spun IME-5 sample detailing separation.

Diffusion measurements were then attempted to be performed on this remaining sample but
were unsuccessful because of very short T2 relaxation times, indicating that the sample had
changed to the MAS centrifugation.
The 13C spectrum and subsequent assignments were performed on IME-5s. While the IME-5s
SEM was unstable in regards to temperature, it was still beneficial to see the 13C structure.
Since the exact composition of IME-5s is unknown, the 13C was useful for determining
structure. This information however, is left out due to the proprietary and confidential nature
of this project. As was briefly discussed in section 3.5 there was evidence from the MAS
measurements that the IME-3 sample had residual solvent that was not completely driven off in
the synthesis process. This was not seen in seen in the 3rd generation samples. Because there
was a noticeable difference regarding the spin dynamics in the IME-5s sample after heating
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above room temperature, 13C MAS was performed on both a “pristine” and “cooked” sample to
see if there were any structural differences due to heating. No difference was found at all on
the 13C (and 19F).
The static spectra were also obtained for all samples at variable temperatures. For all of
the samples besides the IME-6 the results obtained were what were expected. As the samples
go lower in temperature there is motional broadening. This was seen in both nuclei. It was even
possible to distinguish the TFSI and FSI peaks separately in the IME-7 sample. This allowed for
measuring of each component individually for T1 and diffusion. The 19F spectra can be seen in
figure 3.6.4a. The IME-6 sample however showed much greater broadening of the 7Li and 19F
spectra possibly suggesting some sort of phase transition or “freezing” out of certain
components. The stack plots for IME-6 can be seen in Figure 3.6.2, while the stack plots for
IME-5 and IME-7 can be found in Figure 3.6.3 and 3.6.4
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Figure 3.6.2b: Temperature stack plots for IME-6 Li (Li ).
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Figure 3.6.3a: Stack plot showing the F spectra for IME-5 at the corresponding temperatures.
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Figure 3.6.3b: Stack plot showing the Li spectra for IME-5 at the corresponding temperatures.
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Figure 3.6.4a: F plot of IME-7 showing the individual anions: TFSI (negatively shifted) and FSI (positively shifted).
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Figure figure 3.6.4b: Stack plot showing the F spectra for IME-7 at the corresponding temperatures.

The IME-6 sample showed a two-component T1 relaxation, however the IME-5 and IME-7 only
showed one-component relaxation however all diffusion measurements showed twocomponent behavior. For the IME-5 sample there was a T1 minimum at around -10°C for 19F.
The T1 minimum is the temperature at which the molecular correlation time for the relaxations
is equal to the reciprocal of the NMR angular frequency (ωNMR = 2πνNMR). For the IME-6 and
IME-7 samples no T1 minimum was found suggesting it is below -40°C. The T1 v. temperature
plot in Figure 3.6.5 showed the location of a “sharp dip” at around -10°C. This is consistent with
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the stack plots in Figure 3.6.2 which shows a very broad structure starts to appearing to the left
of the main peak. The T1 v. temperature plot for 19F can also be seen in Figure 3.6.5.
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Figure 3.6.5: F Arrhenius plot of T1 v. inverse temperature for IME-5, IME-6 and IME-7.

The 7Li data for IME-6 also showed a sharp dip at -10°C which is consistent with the data seen in
the stack plots. This can be interpreted as a freezing phase transition rather than a dynamic T 1
minimum. Curiously at room temperature down to 0°C the 19F relaxation measurements show a
clear overlap for the FSI in IME-6 and IME-7, however this was not seen for the TFSI in both
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IME-5 and IME-7 while the 7Li T1 data shows a clear overlap for the IME-7 and IME-5 samples.
This can be seen in Figure 3.6.6. Due to the very low values of T1 at the lower temperatures for
the samples this presents an experimental limitation on how diffusion can be measured as
mentioned in section 3.5. This is apparent in the results for diffusion when only those
temperatures with favorable relaxation times were those reported.
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Figure 3.6.6: Li Arrhenius plot of T1 v. inverse temperature for IME-5, IME-6 and IME-7.
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Like the LiOH samples, there was again a noticeable two component diffusion for both the
cations and anions. Like in the LiOH samples, the anisotropic diffusion fit the data however the
conductivity measurements performed at IM were similar into the plane and along the plane
showing isotropic behavior. The relaxation data also corroborated this. Measurements of
diffusion of anions and cations were very high which corresponded with the high conductivity
values that IM measured. IME-6 had the highest measurement of Li+ diffusion while the TFSI/FSI
present in IME-7 showed the highest anion diffusion at room temperature. This was also seen
in the conductivity measurements performed by IM where IME-7 had the highest conductivity
with 1.3 x 10-3 S/cm and IME-6 had the second highest than 8.8 x 10-4 S/cm. Details of the
diffusion v. temperature can be seen in the Arrhenius plot in Figure 3.6.7
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Figure 3.6.7a: Li diffusion v. inverse temperature of the IM samples.
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Figure 3.6.7b.: F diffusion v. inverse temperature of the IM samples.

As can be seen in Figure 3.6.7, it was possible to measure diffusion down to -50°C in sample
IME-5, which as of the time of this writing there have been no reported measurements of
diffusion at this low a temperature for solid polymer electrolytes. Additionally low temperature
diffusion measurements for the other samples show high mobility for both anions and cations
which is much different than the 1st and 2nd generation samples where lower temperature
measurements were not possible. Li+ diffusion results were similar for the non-extruded
samples. At room temperature the IME-6 sample showed the highest diffusion followed by
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IME-7. The diffusion values for the Li+ in the SE00028-3 sample was lower than that of the nonextruded sample by a factor of two. For the non-extruded samples at room temperature cation
diffusion was faster than ion diffusion however this was not the case for the extruded sample
where the values for the TFSI- anion and Li+ cation were about equal. The trend was true for
the non-extruded samples at lower temperatures except for the case with the IME-7. Below 0°C
the FSI- anion diffuses faster than the Li+ cation and at -20°C the TFSI- anion diffuses faster than
that of the Li+ cation. From the diffusion measurements, the Li+ transference number can be
determined. As seen in section 3.5 this was determined in multiple ways: 1) using only the fast
diffusing species, and 2) using a weighted fast and slow diffusing species. The values for the Li +
transference number measured at room temperature are listed in Table 3.6.1 below for the two
methods described above, respectively.

Sample Name

Transference number from
fast component

“weighted” transference
number from fast and slow
components

IME-5 TFSI

0.58

0.66

SE00028-3 TFSI

0.49

0.45

IME-6 FSI

0.64

0.69

IME-7 FSI

0.57

0.68

IME-7 TFSI

0.56

0.64

+

+

Table 3.6.1: Fast component Li transference number and “weighted” Li transference number from fast and slow
components at 25°C.

These are still much higher than what is typically observed in PEO-Li salt complexes or even in
standard LiPF6 liquid carbonate electrolytes which exhibit values typically around 0.209. The
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transference number was still very high even at low temperatures. Transference numbers as a
function of inverse temperatures for both methods can be seen in Figure 3.6.8.
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Figure 3.6.8a: Li transference number obtained from the fast diffusing species.
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Figure 3.6.8b: Li transference number obtained from “weighing” the fast and slow components.

For all of IM SEM there were two components. At the present time it is not possible to state
why there are two components or for that matter what the two components are. However
because of the high conductivity measurements the fast-component measurements were those
that were emphasized. Listed in Table 3.6.2 the measured values of the ratio were fairly
consistent with each other around 70% for Li+ and around 65% for the anions.
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Sample

Average
percentage of
fast component
7
Li

Standard
Deviation

Average
percentage of
fast component
19
F

Standard
Deviation

IME-5

68.5

12.7

65.2

4.0

SE00023-8

70.6

5.8

77.1

8.7

IME-6

74.7

4.7

70

6.2

IME-7 FSI

73.6

11.0

62

8

IME-7 TFSI

73.6

11.0

61.6

3.7

Table 3.6.2: Average ratio of fast component to slow component over the range of temperatures measured for
each sample.

Using the Nernst-Einstein equation (N-E) (eq 2.7.2) it is possible to compare the observed
diffusion values (with appropriate weighting) to that of the conductivity measurements. The
results for this comparison are in Table 3.6.3
NMR Samples
Sample

Date

Conductivity
Measured at
IM (S/cm)

Moles of
LiTFSI per m3

IME-3

10/8/2014

6.0E-04

548.61

5.29E-04

IME-4

12/11/2014 2.2E-04

175.55

2.43E-04

IME-5

3/9/2015

7.3E-04

438.89

4.60E-04

IME-6

6/5/2015

8.8E-04

IME-7

6/5/2015

1.3E-03

219.44

2.3E-04

601.27

SE00028-3 7/27/2015

Moles of
LiFSI per m3

Conductivity from
PFGNMR measurements
using N-E equation
(S/cm)

673.54

1.14E-03

336.77

9.67E-04
3.43E-04

Table 3.6.3: Conductivity measurements obtained via EIS and conductivity values obtained via the Nernst-Einstein
equation.
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Normally, PFGNMR measurements overestimate the ionic conductivity due to the fact that
PFGNMR measurements don’t distinguish between free ions and those that exhibit coordinated
ion movement (ion pairing). The results of the application of the N-E equation show very close
agreement with the conductivity measurements performed by IM suggesting very little ion
pairing. In fact for IME-3, IME-5, and IME-7 the values from PFGNMR are lower than that of the
measured conductivity performed at IM. This is not normally seen and the reason for this could
be errors in conductivity, diffusion or concentration measurements. Even with small errors it
very likely that there is a very high amount of ion dissociation occurring in these polymer
electrolyte membranes. Using the method developed by Stolwijk et al11 it was possible to
quantify the amount of ion pairing present in the PEM for IME-4, IME-6 and SE00028-3. For
IME-3, IME-5 and IME-7 it was not possible because of N-E calculations of conductivity being
less than that of measured conductivity.) These values can be seen Table 3.6.4.
Sample

Ionicity
(m /s)

(m /s)

(m2/s)

IME-4

2.7E-11

2.5E-11

9.6E-12

7.5E-12

2.0E-12

0.91

0.73

0.77

IME-6

3.0E-11

2.5-11

1.4E-11

9.2E-12

5.4E-12

0.77

0.67

0.73

SE00028-3

7.2E-12

4.6E-12

7.9E-12

5.38E-12

2.5E-12

0.67

0.47

0.46

2

2

Table 3.6.4: Comparison of

Here The

and

2

(m /s)

(m /s)

2

using the method described by Stolwijk et al.

is the value measured via PFGNMR that was reported earlier; The
values are those obtained following the method and refer to the effective diffusion

of un-paired ions;

is the effective diffusion of the paired ions; the ionicity is a

quantity that represents the amount of dissociation amongst the ions where ionicity =1 would
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be complete dissociation;

is the cation transference number that was obtained from

the PFGNMR measurements that was reported earlier (D+/(D+ + D-)); and

is the

effective transference number of only the unpaired cations. From the results obtained it can be
seen that IME-4 has very low ion-pairing and almost complete dissociation of the salt.
The proclaimed “record holder” for lithium diffusion in a SEM includes that of lithium
ceramic materials like Li10GeP2S12 or Li11Si2PS12 (LGPS) on in 201112. The IM materials exhibit a
diffusion coefficient for both anion and cation about one order of magnitude higher than this
record holder! Furthermore, LiTFSI salt mixed into PEO complexes has been extensively
studied1 as a possible SEM. The IM material shows much faster diffusion at -25°C what the socalled “record holders” show at room temperature. The details of this diffusion can be seen for
IME-5 compared to LiTFSI in PEO and the ceramic materials can be found in Figure 3.6.9.
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Figure 3.6.9: Arrhenius plot comparing Diffusion v. Inverse temperature of IME-5 sample, LiTFSI in PEO and LGPS
ceramics.
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3.7 Conclusions
As can be seen a lot of research has gone into studying this new material. Through the use of
NMR and other characteristic techniques the dynamic properties have been confirmed to be
incredibly favorable for use in lithium-ion batteries. At the time of this writing, no material has
shown low temperature diffusion in a solid as has been reported here. The high Li + transference
number is also very favorable for battery production.
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Chapter 4:
NMR Diffusion and Molecular Dynamics Studies of Py15TFSI-Solvent
Mixtures: An Ionic Liquids Study
4.1 Introduction
Ionic liquids (ILs) are a very promising candidate for electrolytes due to their properties that
include non flammability, low vapor pressure, thermally stable, electrically stable, low melting
points, and relatively high ion conductivity1. It is theorized that there are 1018 different types of
ionic liquids2. Major drawbacks of ILs include their synthesis cost and the conductivity not being
as high as those seen in organic solvents. Ionic Liquid-solvent mixtures have been seen3 to
boost the ion conductivity as well as “tailor” the IL properties to fit the electrochemical
applications as well as reduce costs. In order to obtain more complete understanding of how ILsolvent mixtures behave, while reducing costs further studies must be performed. Along with
empirical measurements Molecular Dynamics (MD) simulations are a great tool in order to
predict physical properties of ionic liquids6-10. Simulations have proven to be important tools in
providing a fundamental understanding of the behavior of IL’s and IL-solvent mixtures. This
project focuses on the results of these MD simulations as well as the empirical measurements
performed on the IL-solvent mixture of N-methyl-N-pentylpyrrolidinium (PY15)
bis(trifluoromethanesulfonyl)amide (TFSI) mixed with either acetonitrile (AN), dimethyl
carbonate (DMC), or propylene carbonate (PC) solvents. The chemical structure of each
component is shown in Figure 4.1.1. These solvents were chosen because AN has a low
viscocity and is a dipolar solvent, high DMC while also a polar solvent has a low viscosity, and PC
also has low viscovity and is a polar solvent. By using the three solvents, each with different
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properties, a greater understanding of how the IL-solvent mixtures behave in regards to
viscosity, diffusion, conductivity, and ion aggregation can be achieved as well as improving on
the MD simulation method.

Figure 4.1.1: Chemical structure from left to right of the cation, anion and solvents used in this project.

This project was collaboration with Dr. Oleg Borodin at the Electrochemistry branch, Sensor
and Electron Devices Directorate of The U.S Army Research Laboratory and Professor Wesley
Henderson and Eric Fox at the Ionic Liquids and Electrolytes for Energy Technologies (ILEET)
Laboratory at North Carolina State University.
4.2 Chemical Preparation and Characterization of Ionic Liquids-solvent Mixtures at ILEET

Commercial chemicals were purchased at the ILEET lab to prepare the Ionic Liquid-solvent
mixtures. The materials were N-menthylpyrrolidine, 1-iodopentane, Lithium
bis(triflouromethanesulfonyl)imide (LiTFSI). Commercial solvents purchased were Acentonitrile
(AN), Dimethyl Carbonate (DMC) and Propylene Carobonate (PC). The desired amine, Nmethylpyrrolidine, was reacted with 1-iodopentane in Ethyl Acetate (EA) at a molar ratio of
1.00:0.95 to ensure complete reaction of the haloalkane. The solid iodide salt generated was
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washed and filtered with EA until the salt was white. The purified salt (i.e. Py15I) was then
reacted with LiTFSI in water at a molar ratio of 1.00:1.05 to ensure complete reaction of the
iodide salt. The resulting IL (i.e., PY15TFSI) separated from the aqueous layer, and the aqueous
layer was decanted. The IL was washed several times with deionized water to remove excess
LiTFSI and LiI until the addition of AgNO3 to the wash solution did not form a precipitate. The
ILs were then treated with activated carbon until colorless and dried under vacuum at 100 °C
for 48 h. The water content was checked with Karl Fischer coulometry and was found to be less
than 30 ppm. The purity of the IL was then verified by 1H NMR spectroscopy. In addition, Raman
spectroscopy is very sensitive to impurities in ILs from the salt synthesis as these generally
result in significant fluorescence. Raman spectra of the IL showed negligible fluorescence. The
IL was stored in hermetically sealed bottles in the glovebox. To prepare the IL−solvent mixtures,
stoichiometric amounts of the ILs and solvents were mixed together in quantities of 3%, 10%
and 20% molar fraction in the glovebox in hermetically sealed vials. Density and viscosity
measurements were performed using an Anton-Paar SVM 3000 Stabinger viscometer. The
instrument was calibrated using Cannon Viscosity (density) standard fluids. The water content
was checked at the end of the experiments to check for possible contamination. The water
content was <100 ppm and for most samples was <50 ppm. The measurements were taken
from 20°C to 80°C in 5°C steps and the samples were cooled back to 20°C to verify the initial
values to ensure that no solvent was driven off. Ionic conductivity measurements were
measured with electrochemical impedance spectroscopy using a Biologic VMP3
potentiostat/galvanostat/EIS. Spectra were collected from 1 MHz to 20 Hz with a 10mV AC

70

perturbation. Measurments were performed in a Binder environmental chamber from 100°C to
-40°C in 10°C steps.

4.3 NMR Diffusion Measurements and Discussion:
PFGSTE NMR measurements were performed on a Varian Direct Drive 300 MHz spectrometer
using a DOTY diffusion probe capable of producing gradients of up to 1000 G/cm using 1M
tetramethysilane (TMS) as a reference at 0 ppm. The 1H nucleus was investigated in order to
measure and calculate the diffusion of the solvent (AN, DMC and PC) and Py15 cation while the
19

F nucleus was used to investigate the TFSI anion. The measurements were made at 60°C as

requested by the ILEET for consistency with their simulations. There were some major problems
of convection occurring during the experiment that caused inaccurate measurements.
Convection currents are caused by temperature gradients causing a signal to decay faster
leading to higher apparent diffusion coefficients than would be measured without convection.
Originally this was thought to be because there was too much sample present in the NMR
tubes. The attempted solution was to transfer smaller amounts of sample to new tubes in the
Argon glove box. This, however, did not eliminate convection. So a new pulse sequence was
implemented to compensate for convection. The pulse sequence used was a variation of the
double stimulated echo experiment developed by Jerschow and Müller4. The pulse sequence is
pictured in Figure 4.3.1 below. (All pulses are 90° RF pulses)
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Figure 4.3.1: Double stimulated Echo Pulse sequence developed by Jerschow and Müller to compensate for
convection.

Diffusion occurs after the first gradient pulse during the time(

). Just like in the

PFGSE sequence the first field gradient encodes nuclei position along the z-axis. The next two
gradient pulses are to nullify convection effects during the experiment. The final gradient
decodes the final position of the nuclei. The final delay and 90° RF pulse are to reduce eddy
current distortion. The signal is finally acquired.
This was not the only problem that occurred. The T1 times for the solvents, specifically for AN
were very long, causing experimental times to last over 6 hours. To help reduce experimental
run time, a saturation recovery sequence (similar to the drive train present in T1 saturation
experiments; see section 2.6) included at the beginning of the pulse sequence to shorten the
time the experiments run (from 3-6 hours to 30 minutes). The gradient strength was varied and
the signal was integrated and then fit to eq. 4.3.1 which is a slight variation on the StejskalTanner equation (see section 2.7).

*

(

)+ (4.3.1)
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Here I is the intensity of the integral, Io is the initial intensity, D is the self diffusion coefficient, γ
is the gyromagnetic ratio, δ is the time the gradient is on, G is the gradient strength, T is twice
the diffusion time T/2, and τ is the time between the convection compensation gradient pulses.
The 1H spectra of the ionic liquid-solvent mixtures had enough resolution that it was possible to
differentiate the solvent from the Py15 cation. This way each the spectra for individual species
could be integrated and the diffusion coefficient could be calculated separately. This is seen in
Figure 4.3.2 below.
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Figure 4.3.2: H spectra for 90% solvent, 10% Py15TFSI mixtures. The solvents are A) Acetonitrile; B) Dimethyl
Carbonate; C) Propylene Carbonate.
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The results from the 1H and 19F diffusion measurements are in Table 4.3.1.
60°C

%Py15TFSI

Acetonitrile

Propylene Carbonate

Dimethyl Carbonate

D solvent (10-9m2/s)

D cation (10-9m2/s)

D anion (10-9m2/s)

3

4.57

2.39

2.27

10

3.09

1.15

1.28

3

0.88

0.56

0.59

10

0.62

0.44

0.43

20

0.43

0.32

0.29

3

2.97

1.19

0.85

10

1.93

0.64

0.74

20

1.06

0.46

0.38

Table 4.3.1: Diffusion results for PFG measurements on the Ionic Liquid-solvent mixtures.

The Acetonitile and Dimethyl Carbonate diffusion coefficients increase faster than the

Propylene Carbonate upon the addition of more solvent which agreed with the viscosity
measurements performed at the ILEET lab. In the Propylene Carbonate mixtures the ion and
solvent Diffusion coefficients increase at the same rate while in the Acetonitrile and Dimethyl
Carbonate mixtures the Ion Diffusion Coefficients increase faster than that of the solvents.
Again this correlates with the viscosity data. This data can be seen in the Figure 4.3.3.
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Figure 4.3.3: MD simulations and measurements for the viscosity of the Ionic Liquid-Solvent mixtures.

Furthermore taking the ratios of the average ion diffusion coefficient to the solvent are 0.65,
0.40, and 0.50 for Propylene carbonate, Dimethyl Carbonate and Acetonitrile respectively. This
correlates with the sizes of the molecules where Propylene Carbonate is greater than Dimethyl
Carbonate which is greater than Acetonitrile The addition of the solvent increases the ion
diffusion coefficients relative to the solvents for the Propylene Carbonate and Acetonitrile
mixtures but not the Dimethyl Carbonate mixture. This is consistent with Propylene Carbonate
and Acetonitrile solvents effectively separating the ions, thus weakening the ion-ion
interactions and increasing the ion diffusion coefficients where as Dimethyl Carbonate is not as
effective at ion separation. The PFG measurements also showed great agreement for diffusion
with the results from the MD simulations (see section 4.5 for details of the MD simulation
methods) performed at the Army lab. The agreement can be seen in Figure 4.3.4.
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Figure 4.3.4: Comparison between PFGNMR and MD of the Ionic Liquid-solvent mixtures.

Uncorrelated ion motion can be directly obtained from MD experiments and a combination of
conductivity and PFGNMR measurements. This quantity is also known as ionicity (α d), and is
determined by eqs. 4.3.2 and 4.3.3. below
(4.3.2)

where κ is the conductivity, κuncorr is the “ideal” conductivity that would be possible if the ions
were completely uncorrelated, e is the electron charge, V is the volume of the sample, K B is the
Boltzmann constant, D± is the diffusion of cations and anions and n± is the number of cations
and anions. The ionicity for both the experimental determination and MD simulations is seen in
Figure 4.3.4
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Figure 4.3.5: Ionicity v. Mole Fraction solvent for IL-solvent mixtures.

The ionicity for the IL-AN mixtures remains relatively unchanged with concentration. When the
mixtures are solvent-rich the IL-DMC and IL-PC have contrasting behavior. The IL-PC correlation
decreases while the Il-DMC correlation increases which is noted by the drop in ionicity in Figure
4.3.5. This was observed previously where a non-polar solvent greatly decreased the ionicity.5
4.4 Conclusions
Increasing the solvent concentrations increases the diffusion of the IL. This is due to lowered
viscosity of the resulting mixture. Non-polar solvents like the DMC tend to have a smaller effect
on the diffusion of the IL-solvent mixtures even with comparable viscosities of a similar polar
solvent like AN. This was further seen in the ionicity measurements as the IL-DMC showed an
increase in the ion pair formation (correlated ion movement). There was great agreement in
this study between the MD simulations and the characteristic experiments performed including
the PFGNMR measurements. This study showed that MD simulations can be a great tool in the
characterization of IL-solvent mixtures because of the great agreement between the
simulations and empirical measurements.
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4.A Appendix:
The following is a brief overview of the MD simulation technique developed by Dr. Oleg Borodin
at Army Research Lab. Further details could be found elsewhere.6,7,8 The MD simulations were
performed using the Atomistic Polarizable Potential for Liquids Electrolytes and Polymers
(APPLE&P). The software package called Lucretius was used for all simulations. The simulations
used the potential energy function Utot(r) for an ensemble of atoms represented by the
coordinate vector r. It is split into non-bonded and bonded contributions shown in eq. 4.A.1
∑

∑

∑

where the sums are over each bond, bend, dihedral, and improper dihedral in the system. The
potential energy contributions from each of the components is given in eq 4.A.2
(

)
∑

(

)

(

)

(

)

(4.A.2)

where θijk and θ0ijk are the instantaneous and equilibrium bending angles for atoms I,j and k;
(

) is the dihedral atom for atoms I,j,k, and l; (

) is the out of plane bending angle for

an sp2 center at atom j. The strength of these interactions is characterized by the corresponding
force constants,

,

,

, respectively. The subscripts, α, β, γ, δ. denote atom

type for atoms i, j, k, and l respectively. The non-bonded energy

consists of two-body
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repulsion and dispersion energy terms
, and the polarization energy,

, the energy due to interactions of fixed charges
arising from the interaction between induced

dipoles with fixed charges and other induced dipoles shown in eq. 4.A.3:

∑[

(

)

(

) ]

∑(

)

∑ ⃗⃗⃗ ⃗⃗⃗⃗

where ⃗⃗⃗

is an induced dipole at force center i, αi is the isotropic atomic polarizability,

is the total electrostatic field at the atomic site I due to permanent charges q j and induced
dipoles ⃗⃗⃗ , ε0 is the dielectric permittivity of free space,

is the electric field due to fixed

charges only, and Aαβ and Bαβ are the repulsion parameters and Cαβ is the dispersion parameter
for interaction between atoms I and j with atom types α and β. The term

(

) with D = 5

x 10-5 kcal/mol for all pair interactions is essentially zero at typical non-bonded atomic
separations, but becomes the dominant term at rij < 1 Å, ensuring that

is repulsive at

distances much smaller than the size of an atom. Intramolecular non-bonded interactions are
included for atoms separated by three or more covalent bonds. The software also includes a
Thole screening (aT = 0.2) that smears the induced dipoles in order to prevent the “polarization
catastrophe” from occurring6. The interaction between an induced dipole and a partial charge
separated by 3 bonds was scaled by 0.8, which provides an improved description of the
electrostatic potential around the molecules.
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Self diffusion coefficients and ion conductivity were simulated using the Einstein
relations9 seen in eqs. 4.A.4 and 4.A.5 below
∑〈

∑

〈

〉

〉〈([

])〉

where e is the electron charge, V is the volume of the simulation box, KB is the Boltzmann’s
constant, T is the temperature, t is the time, zi,j are the charges over ions i,j respectively, Ri,j(t)
are the displacements of ions I,j during the time t, <> denotes the ensemble average, and N is
the number of diffusion species in eq. 4.A.4 and sum of the number of cations and anions in eq.
4.A.5. Due to the finite size of the simulation box , long range interactions restrict diffusion. 7
The first order finite size correction term to the self-diffusion coefficient is inversely
proportional to the length of the simulation box and this first order correction term is shown in
eq. 4.A.6

where KB is the Boltzmann’s constant, T is the temperature, η is the viscoscity and, L is a linear
dimension associated with the simulation cell. The magnitude of the D1 was between 8-15% for
the solvents and 14-50% for the ions where the largest correction was seen for the DMC
mixtures. The conductivity was also corrected by using the same correction that was used for
the diffusion coefficients.
The runs were equilibrated for 2-4 ns in the NPT ensamble at 120°C, and then the
simulations were set at 60°C which were run at 3.5 -20 ns. For the NVT runs the production
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runs were run for 8.2-44 ns. The details for each equilibration run and production run are
shown in Table 4.A.1 below.
Composition of simulated mixtures per simulation box
Number of salt (ion pairs)
256
192
128
128
64
Number of solvent molecules
0
64
128
256
256
Solvent mole fraction number
0
0.25
0.5 0.667
0.8
Py15TFSI-PC
Equilibration run (ns)
8
14
14
20
7
Production run (ns)
32
35
45
28
21.5
Py15TFSI-DMC
Equilibration run (ns)
16
10
12
Production run (ns)
27
24
18
Py15TFSI-AN
Equilibration run (ns)
12
17
17
Production run (ns)
39
14
22

64
576
0.9

16
512
0.97

512
1

3.5
13

3.5
8.2

1
9

7
23

5
11

1
6.6

18
24

16
17

1
6

Table 4.A.1: Composition of the MD simulation cell and the length of simulation trajectories.

The equilibrium viscosity was calculated for the IL-solvent mixtures with the longest NVT
production runs using the Einstein relation including both diagonal and non-diagonal elements
to enhance the statistics10. These are shown in eq. 4.A.7 below:
(〈∑

〉 )

∫

where KB is the Boltzmann constant, T is temperature, t is time, V is the volume of the
simulation box and Pαβ is the stress tensor given in eq. 4.A.8,

where σαβ is the stress tensor with δαβ is the Kronecker Delta fuction. The stress tensor was
saved everfy 9 fs for calculating stress, the tensor autocrrelation function and viscosity using
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eqs. 4.A.7 and 4.A.8. The atomic coordinates were saved every 2 ps for analysis. Pressure and
temperature were controlled and check every 10-2 fs and 10-5 fs respectively.
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Chapter 5:
Composite PEOn:NaTFSI polymer electrolyte: Preparation, thermal
and electrochemical characterization.

5.1 Introduction
One of the possible futures for energy storage and electrical battery is the use of sodium
materials instead of lithium which is in use now. Currently Na/S batteries have already shown
to have very high energy density but must be kept at 300°C for optimal performance. Room
temperature sodium-ion batteries were explored in the 1970’s-1980’s but have undergone a
reprisal amongst researchers.1 Because of their similar electrochemical properties, such as a
favorable redox potential, (-2.71 for Na and -3.04 for Li) and reduced cost sodium batteries
would be a great candidate.2 Many of the materials that can be used for Li-ion batteries that
have been studied over the past 25+ years are similar to that of the sodium battery. 1 One of the
main hurdles to development of these batteries is the absence of a sufficiently conductive
electrolyte with the required thermal, electrochemical, and mobility properties. Poly(ethylene)
oxide is one of the most commonly studied polymers as a host material to create an effective
solid polymer electrolyte.3 Lithium bis(trifluoromethanesulfonate) imide) (LiTFSI) salt mixed
with the polymer has been studied extensively to be used as a solid polymer electrolyte often
adding some type of ceramic filler to improve mechanical and conductivity properties. 4,5,6,7 For
sodium based battery applications it would be best to understand and characterize PEOn:NaTFSI
which has been previously studied,8 however, these films were prepared using some type of
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solvent casting method. This project focuses on a solvent free film and uses 23Na and 19F NMR,
DSC, and conductivity measurements to study its physical and electrochemical properties of
this film. This was a joint work with Dr. Scorsati’s group at the Electrochemistry and
Nanotechnology for Advanced Materials the University of Roma, Sapienza and Dr. Armand at
CIC Energigune, Albert Einstein in Miñano Spain.
5.2 Chemical Preparation and Characterization of Samples at Electrochemistry and
Nanotechnology for Advance Materials Group
Hot pressed PEOn:NaTFSI (n PEO:NaTFSI) polymer electrolytes were prepared at
Electrochemistry and Nanotechnology for Advanced Materials group led by B. Scrosati at the
University of Roma, Sapienza. The starting materials of PEO (Mw = 6x105, Aldrich ) and nanometric fumed SiO2(7 nm Sigma) were purchased. NaTFSI salt was prepared by the neutralization
reaction between HTFSI (Aldrich) and sodium carbonate (Na2CO3, Aldrich) in aqueous solution
followed by evaporation in a nitrogen atmosphere in acetonitrile. The excess Na 2CO3 was
filtered out. The salt was dried under high vacuum at 130°C. Before synthesis all reagents were
dried under vacuum (PEO at 50°C for 24 hours, silica at 150°C for 8 hours and NaTFSI at 120°C
for 8 hours) and sieved. The PEO based electrolytes were obtained using a solvent-free hot
press technique. All components, in the appropriate ratios, were mixed by soft ball-milling
overnight and hot-pressed in an aluminum mold protected by an argon-filled coffee bag
envelope. Samples synthesized had an PEO:Na ratios of 6:1, 8:1, 10:1, 12:1, 20:1 and 30:1. The
ceramic component added to the 20:1 sample was 0%, 5%, and 10% by weight. Thermal
features were studied by differential scanning calorimetry (DSC) with a Mettler Toledo 821e
DSC calorimeter. Thermal scans were performed from room temperature to -100°C in 1°C/min
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steps and from -100°C up to 100°C in 5°C/min steps under a 60 ml/min constant N 2 constant
gas flow on 10-15 mg samples. The glass transition temperature (Tg) was determined as the
intersection of the tangent drawn through the heat capacity jump with the base line recorded
before the transition. The melting temperatures were read directly from the maximum of the
DSC curve. Sample crystallinity was evaluated from melting enthalpy (ΔH, J/g with respect to
the overall polymer mass). Ionic conductivity measurements were determined by AC
impedance spectroscopy using cells with two 1.13 cm2 stainless steel blocking electrodes. A 200
µm Teflon spacer was included to set the sample thickness. The cells were assembled and
tested in a Mbraun Unilab controlled argon atmosphere dry box. The conductivity tests were
performed by heating the samples in a Büchi glass oven. The samples were kept at 90°C for 12
hours before measurements to ensure thermal conditioning. From the initial 90°C, the
measurements were performed down to room temperature over 8 hours in 10°C intervals
during cooling and following heating scans. Symmetrical Na(s)/polymer/Na(s) cells were
constructed at 75°C to study the interface resistance evolution over the course of 30 days.
Impedance tests were performed by applying ±5 mV amplitude to the signal in the 75kHz-100
Hz frequency range using a Versastat Galvanostat/Potentiostat. Impedance data were
evaluated by ZSimpWin software. Sodium transference numbers were determined by means of
DC polarization. A constant DC of 100 mV was applied across the Na (s)/polymer/Na(s) cell and
the current was monitored for 90 minutes until a steady state was reached. Impedance was
analyzed in the 100 kHz- 10 Hz frequency range by a applying a ±5 mV amplitude signal. The
measurements were done at 75°C. The transference numbers were estimated using the steady
state technique described by Bruce et al.9
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5.3 NMR Experiments
The PEOn:NaTFSI + x% weight SiO2 x= 0, 5, 10 samples were transferred into sample
tubes in an Argon glove box. The samples for 19F measurements were placed in borosilicate
tubes. The samples for the 23Na measurements were placed in zirconium rotors to suppress any
background that would come from the sodium borosilicate glass. All samples were sealed under
Argon. All measurements were performed in a Varian direct drive 300 MHz spectrometer.
Measurements for 19F were performed using a DOTY diffusion probe with 0.5M lthium
trifluoromethanesulfonate (aka lithium triflate) as a reference set to 0ppm using a standard 90°

one-pulse pulse sequence. Measurements were taken at temperatures from 25-100°C in 15°C
steps. The 19F self-diffusion constants were measured using a pulsed field gradient spin echo
pulse sequence. Measurements were performed from 50-100°C in 10°C steps except for the
sample with 10% SiO2. Diffusion was not measured at 50°C for the 10% sample so
measurements were taken from 60-100°C. All samples varied the gradient strengths up to 300
G/cm and were fit with the Stejskal-Tanner equation (eq. 2.7.15) using a least squares method.
The 23Na linewidth data was performed using a Chemagnetics static broadband probe with 1M
NaCl as a reference set to 0 ppm using a standard 90° one-pulse pulse sequence. Data was
taken at room temperature (25°C) and from 40-100°C in 10°C steps. Linewidth data was taken
instead of 23Na diffusion because of very short (<1ms) spin-spin relaxation times.
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5.4 Results and Discussions
The hot pressed PEO20:NaTFSI showed good comparison with that of films prepared
using a conventional solvent technique. (8 x10-4 m2/s for PEO20:NaTFSI v. 9 x10-4 m2/s for
PEO16:NaTFSI10 @ 70°C) Impedance measurements performed by Dr. Scorsati’s group showed
that the conductivity increased as the NaTFSI salt concentration decreased. This is shown in the
Arrhenius plots for cooling and heating in Figure 5.4.1 below:

Figure 5.4.1: A) Arrhenius plot of the conductivity on cooling down PEOn:NaTFSI B) Arrhenius plot of the
conductivity on heating up PEOn:NaTFSI.
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This was true until the ratio reached 30:1 PEO:NaTFSI at which the conductivities decrease to
the lowest observed values. This increase and then decrease is most likely attributed to a
compromise between the amorphization of the NaTFSI salt and the salt/charge carrier number
as well as an increase in coordinated ion motion (ion-pairing) for higher concentrations of salt
which has been seen for other ionic salts11. The observed “bends” in the conductivity plots
occur at the melting temperatures which were expected.
The addition of the nanometric-sized SiO2 was chosen to enhance the mechanical
properties of the membranes. The addition of the silica lowers the melting temperature (Tm) of
the membranes and this was verified by DSC measurements performed by Dr. Scorsati’s group.
This is beneficial because it allows for a more amorphous state of the membrane. With a
decrease in crystallinity it is suggested that conductivity is increased due to an interaction of
the SiO2 with the host PEO complex forming Lewis acid-base pairs along the surface of the
composite material.12,13 The use of NaTFSI also increases the flexibility of the host polymer due
to the plasticizing effect of the salt.14,15,8 This effect can reduce the mechanical properties but is
offset by the addition of the silica. The addition of the silica to the PEO 20:NaTFSI initially had a
small increase on the conductivity, however from additional silica (5% wt SiO2 to 10% wt SiO2)
there was noticeable decrease in the conductivity. This can be seen in Figure 5.4.2 below:
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Figure 5.4.2: Arrhenius plot of the conductivity for PEO20:NaTFSi with x% by wt SiO2 added (x = 0, 5, 10) on heating
up and cooling down.

The decrease in conductivity is attributed to the silica blocking ionic conductive pathways.16 The
PFGNMR data showed decreased mobility with the addition of more silica with a noticeably
larger decrease in diffusion going from 0% to 5% than from 5% to 10%. This can be seen in
Figure 5.4.3.
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19

Figure 5.4.3: Arrhenius plot of F Self-Diffusion constants for PEO20:NaTFSI + x% by wt SiO2 (x= 0,5,10).

This is contrary to the conductivity measurements which showed an increase when filler was
added. This suggests that the TFSI- anion is less mobile which can possibly suggest an increase
to the Na+ cation transference number (direct measurement of diffusion of Na + was not
possible). This was seen with the chronoampieometric results performed by Dr. Scorsati’s
group and can be seen below in Table 5.4.1.
PEO20:NaTFSI + x% SiO2 x=
0
5
10

tNa+
0.39
0.51
0.48
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Table 5.4.1: Estimated sodium transference numbers (tNa+) for PEO20:NaTFSI + x% SiO2 (x=0,5,10).
19

F linewidth data was also recorded. Linewidth is usually inversely proportional to local

mobility. The trend for linewidth data was opposite of the diffusion results. The linewidth
decreased with the addition of filler. There was also a bigger gap going from 5% to 10% filler by
weight than from 0% to 5% filler by weight. This increase is local mobility with the addition of
filler is most likely attributed, however, to a more rapid rotation of the CF 3 groups of the TFSI
anion about its symmetry axes. The data for linewedith can be seen in Figure 5.4.4 below.
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Figure 5.4.4: Arrhenius plot of F linewidth PEO20:NaTFSI + x% by wt SiO2 (x= 0,5,10).
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Interestingly the 23Na linewidth data shows that for increasing temperature there is an increase
in linewidth suggesting a decrease in local mobility. This is not what was seen for the 19F
linewidths or what is normally observed. This can be seen in Figure 4.4.5 below.
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Figure 5.4.5: Arrhenius plot of Na linewidth PEO20:NaTFSI + x% by wt SiO2 (x= 0,5,10).

This however, has been seen before for other Na polymer electrolytes where initial motional
narrowing is followed by broadening. This is most likely attributed to the very short T2
relaxation times at the higher temperatures17,18.
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Activation energies were calculated by Dr. Scorsati’s group for the polymer membranes
from the conductivity data. For the lower salt concentrations the trend showed an Arrhenius
behavior. The relationship between conductivity and activation energy can be seen in eq. 5.4.1
below

(5.4.1)
where σ is the conductivity, A is a pre-exponential factor related to the number of carrier ions,
Ea is the activation energy, R is the gas constant, and T is the temperature. Table 5.4.2 shows
the results of the fits
PEO20:NaTFSI + x% SiO2 x=
0
5
10

A (S/cm)
7.22
85.17
501.3

Ea (eV)
0.27
0.33
0.41

R2
0.843
0.996
0.997

Table 5.4.2: Fits of A and Ea from conductivity date for PEO20:NaTFSI + x% by wt SiO2 (x= 0,5,10).

From the above results it can be seen that the polymer without filler has the lowest activation
energy than those with filler. This results from the interactions SiO2 with the PEO matrix that
could hinder ionic movement as well as chain motion from the host polymer. The lower salt
concentrations also had a much lower activation energy from the membranes with higher salt
concentrations, although the lower salt concentration membranes followed a Vogel-TammanFulcher (VTF) behavior more so than that of the Arrhenius behavior. This behavior is described
by the VTF equation which is seen below as eq. 5.4.2

(5.4.2)

95

where Σ0σ is a pre-exponential factor, Bσ acts as a pseudo activation energy (which is related to
activation energy by Bσ = Ea/kB where kB is the Boltzmann factor), and T0σ is the temperature at
which the conductivity goes to 0. T0σ is usually lower than the glass transition temperature (Tg)
by about 40 K.19 The fitting parameters and values can be seen in Table 5.4.3 below.

PEOn:NaTFSI n=
12
10
8
6

Σ0σ (K1/2/cm)
0.017
0.072
0.126
0.038

Ea (eV)
0.073
0.104
0.112
0.089

T0σ (K)
200
194
193
208

R2
0.997
0.998
0.998
0.991

Table 5.4.3: Fits of Σ0σ, Ea and T0σ from the VTF equation of PEOn:TFSI (n= 12, 10, 8, 6).

Although there is a lower activation energy for the higher salt concentrations, the conductivity
was still highest in the PEO20:NaTFSI membrane. This suggests that in the higher concentrations
there is a large amount of ion pairing interactions which does not lead to conductivity.
5.5 Conclusions
In this work it has been showed that a solvent-free PEOn:NaTFSI polymer electrolyte membrane
shows great physical, thermal, and mechanical properties to be used as an electrolyte for a
sodium-ion battery. The conductivity measurements were similar to that of those films
produced with a solvent. The conductivity was also comparable to that of lithium. The NMR
data along with chronoampieometric data suggested that the addition of silica can lead to a
higher cation transfer number in the films. Further work needs to be done in order to confirm
the effectiveness of the PEOn:NaTFSI system.
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Chapter 6:
Thermal, and Electrochemical Characterization of LiI:PEO:LiAlO2, a
Solid Polymer in Ceramic Electrolyte.
6.1 Introduction
One of the main hurdles to development of newer and better lithium-ion batteries is the
absence of a sufficiently conductive solid electrolyte with the required thermal,
electrochemical, and mobility properties. Poly(ethylene) oxide (PEO) is one of the most
commonly studied polymers as a host material to create an effective solid polymer electrolyte
membrane (PEM).1 Lithium bis(trifluoromethanesulfonate) imide) (LiTFSI) salt mixed with PEO
has been extensively studied to be used as a solid PEM often adding some type of ceramic filler
to improve mechanical properties.2,3,4, 5 the absence of volatile organic solvents yields benefits
including a more stable electrode resistance, flame resistance, flexibility, and low cost.6 Some
conventional solid Li+ ion conductors used added to PEO include lithium nitride (Li 3N) and
lithium iodine (LiI). It has been shown that adding nano-sized Al2O3 to solid LiI increases
conductivity two orders of magnitude.7 It is proposed that mixing the Al2O3 in with the PEO
provides a more amorphous state of the solid allowing for more conduction pathways in the
matrix.8 It has been seen9 that by adding in ball milled γ-LiAl2O3, the conductivity can increase
by several orders of magnitude. In this work, a composite LiI:PEO:LiAlO2 electrolyte was
prepared by Professor Diana Golodnitsky at Tel Aviv University by electrophoretic deposition.
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Physical, electrochemical, mechanical and dynamic properties were studied by nuclear
magnetic resonance (NMR) spectroscopy, as well as other methods.
6.2 Chemical Preparation at Applied Materials Research Center Tel Aviv University, Tel Aviv,
Israel
The samples were prepared at the Applied Materials Research Center at Tel Aviv University
under the direction of Professor Diana Golodnitsky. The LiAlO2 based composite films were
synthesized using cathodic EPD. The EPD process was done with the aid of acetone-based
baths consisting of the following composition: 250 ml acetone, 0.70-1.84g LiAlO2, 4 ml acetone
for the ethanol baths, 2ml water, 0.4ml acetyl acetone, 0.027-0.05g iodine, and 0-0.15g
polyethylene imine (PEI) and 1ml Triton X-100 ((C14H22O(C2H4O))n). A model 2400 Keithley
Sourcemeter, interfaced with LabTracer software and a PC was used to control the EPD process
and to monitor current and voltage profiles. The membranes were synthesized by deposition on
nickel substrates with the use of a graphite plate as a counter electrode. The distance between
the electrodes was 1.5 cm. The thickness of the films ranged from 150-175 µm. Samples were
dried under vacuum for 15 hours at 80°C and were impregnated with 13% by weight, LiI in
acetone solution in order to obtain LiI:P(EO)3 complexes. The samples were dried under vacuum
again for 6 hours at 50°C.
Electrochemical impedance spectroscopy (EIS) was used to test the conductivity of the
samples. Coin cells were comprised of the electrolyte sandwiched between two blocking nickel
electrodes. Measurements were conducted from 25°C to 110°C with a Solartron Impedance
Analyzer 1260 using of a 60mV amplitude and with the frequency ranging from 15 MHz to 1 Hz.
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Surface morphology was performed with a Quanta 200 FEG Environmental Scanning Electron
Microscope equipped with an HKL-EBSD and Oxford-EDS integrated analytical system. X-ray
photoelectron spectroscopy (XPS) measurements were performed under ultra-high vacuum
with the use of a 5600 Multi-Technique System. Depth profiles were acquired by argon ion
sputtering at a rate of 0.5 nm/min. A TA Instruments Q5000 TGA-IR high-sensitivity
thermogravimetric analyzer (TGA) coupled with Fourier transformation infrared spectroscopy
(FTIR) was used to determine the polymer content of the samples, which weighed about 10 mg.
All measurements besides the NMR measurements (below) were performed by Dr.
Golodnitsky’s group at Tel Aviv University.
6.3 NMR Measurements
Two different samples were provided to the Hunter College NMR lab. Sample 1 which was
composed of 70% PEO 30% LiAlO2 by weight; PEO:LiI in a 3:1 molar ratio and Sample 2 which
was composed of 70% PEO 30% LiAlO2 by weight; PEO:LiI in a 2:1 molar ratio. 7Li linewidth
measurements were performed on a Varian Direct Drive 300 MHz Spectrometer using a DOTY
diffusion probe. 0.5 M lithium trifluoromethanesulfonate (aka lithium triflate) was used as a
reference set to 0ppm. The measurements were acquired using a quadrupolar echo sequence.
Measurements were performed from 25°C up to 80°C. 7Li pulsed field gradient NMR (PFGNMR)
diffusion measurements were also attempted but were not successful (discussed below). 7Li
and 27Al magic angle spinning (MAS) measurements were performed on a Chemagnetics 3.2mm
(MAS) probe. A 0.5 M solution of lithium triflate was used as a reference set to 0ppm for the 7Li
while 1M aluminum chloride set to 0ppm was used as a reference for the 27Al measurements.
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Measurements were performed at 25°C, 50°C, and 80°C. Samples were spun from 17-20 kHz
along the magic angle (~54.7°). All deconvolutions were made using DMFit NMR software. 7Li
PFGNMR diffusion measurements were attempted at all temperatures but unsuccessful. This is
due to short T1 and especially T2 times. The relaxation times are the main limiting factors in the
PFGNMR experiments. With T2 relaxation time being short (on the order of 100’s of
microseconds) in order to obtain an echo, diffusion times (Δ) must be short as well. With
shorter diffusion times nuclear signal will not exhibit sufficient attenuation of the echo, unless
very high gradient strengths (beyond the capability of most instruments) are used.
6.4 Results and Discussion:
In order to avoid oxidation of the electrolytes and other problems 10 associated with the use of
anodic EPD, cathodic EPD was chosen to synthesize the membranes. The use of an acetyl
acetone in the solution changes the ceramic particles from a negative value to a positive value.
This occurs because protons are absorbed by the film in the reaction between iodine and
acetone11 This can be seen in the graph of the measurements of the ζ-potential, seen in Figure
6.4.1. PEI was added to the mixtures because it is has been shown that the addition of
polyelectrolytes, like PEI, prevent the agglomeration of particles in an acetyl acetone in acetone
or ethanol suspensions.12 The effectiveness of adding the PEI can also be seen in the graphs of
the measured ζ-potential in Figure 6.4.2. Not only does the suspension change from a negative
value to a positive value but the deposition rate nearly tripled going from 2.3 mg/min to 8
mg/min.
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Figure 6.4.1: ζ-potential of LiAlO2 particles v. concentration of acetylacetone in ethanol based solution.
(PEI concentration = 0).
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Figure 6.4.2: ζ-potential of LiAlO2 particles v. concentration of PEI in ethanol based solution.
(Acetyl acetone concentration = 0).
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Additionally ESEM images show that addition of PEI to the ceramic showed smoother
morphology and less clumping of macro molecules in the films. These images can be seen in
Figure 6.4.3.

Figure 6.4.3: a) ESEM micrograph of neat LiAlO2 film; b) ESEM micrograph of LiAlO2-PEI film. Both films were
synthesized using EPD from an acetone based suspensions at 50V the suspension contained 0.3 g/L PEI.

When the composite PEO:LiAlO2 films are formed, there is a clear appearance of tightly packed,
well separated nanoparticles, while in films of PEO and films of LiAlO2 there is clearly the
presence of aggregation and more globular structures. The differences in morphology can be
seen in Figure 6.4.4.
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Figure 6.4.4: ESEM micrographs of PEO films, LIAlO2 films, and composite PEO:LiAlO2 films synthesized via EPD
from acetone suspensions containing 0.3 g/L.

DSC and XRD measurements performed by Dr. Golodnitsky’s group agreed with previous results
that indicate that the PEO deposits found in the pores of the ceramic matrix are more
amorphous than that of neat PEO.13 As discussed in section 5.4, the decrease in crystallinity is
desirable for PEO-based polymer electrolytes as this increases the conductivity. Conductivity
measurements performed from the impedance spectroscopy are shown in the Arrhenius plot in
Figure 6.4.5.
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Figure 6.4.5: Arrhenius plots of the conductivity LiAlO 2-LiI:PEO3+x obtained via impedance spectroscopy. Curve 1
was obtained from the high frequency arc while curve 2 was obtained medium frequency. LiAlO 2:PEO 1:1 PEO:PEI
10:1.

Using the high frequency intercept is represented by curve 1 in Figure 6.4.5. The value for
conductivity was 0.5 mS/cm and virtually invariant with temperature. This behavior is not
typical for polymer electrolytes and may indicate a strong contribution of the interfacial grain
boundaries.14 The conductivity obtained via the medium frequency intercept showed a more
Arrhenius behavior for temperatures below 60°C, which is consistent with the melting
temperature of neat PEO.15 Further heating showed little effect. Overall the measured
conductivity of the EPD film was about one order of magnitude higher than that of a cast film.16
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Even though diffusion measurements were not possible, it is still possible to measure
the mobility of the lithium ions by measuring the full-width half-maximum (FWHM) linewidth in
the static measurements v. temperature. The results are shown in Figure 6.4.6 below.
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Figure 6.4.6: Arrhenius plots of FWHM linewidth v. inverse temperature.

From observation of the spectra, it can be seen that as the temperature increases there is the
emergence of a narrower peak indicating two distinct lithium species; mobile and immobile Li.
The stack plots in Figure 6.4.7 the stack plots show this for sample 1 and even more so for
sample 2 because the immobile component exhibits little temperature dependence a more
meaningful plot of the mobile component v. linewidth is shown later in Figure 6.4.9
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Figure 6.4.7a: Li temperature stack plot of sample 1 spectra
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Figure 6.4.7b: Li temperature stack plot of sample 2 spectra.

Because of the low range of chemical shift in 7Li NMR, the immobile and mobile Li
species strongly overlap in the spectra. Using DMfit software, de-convolutions were performed
in order to get a better understanding of the two sites. By integrating the components of the
spectra and seeing how much of the signal was composed of each individual part, a quantitative
measure of composition of mobile and immobile peaks was obtained for each sample. For
polymer electrolytes it is beneficial to understand the amount of mobile species present as
these are likely those contributing to conductivity. Because of this, the graphs of FWHM of only
the mobile peak were plotted v. inverse temperature. This is seen in Figure 6.4.8 below. As can
be seen, above 60°C there is no further decrease in the linewidth indicating that further
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increase in temperature does not improve on the mobility, which agrees with what was seen
for the conductivity in Figure 6.4.5. Furthermore, the integration of both peaks was performed
and this is also plotted v. inverse temperature in Figure 6.4.9. The de-convolutions at 70°C and
80°C for sample 1 and sample 2 can be seen in Figures 6.4.10 and 6.4.11. Sample 2 shows more
mobile Li. It might be possible to conclude that the added LiI salt increases the mobility,
however because the narrow peak is shifted from zero about 500 Hz (4.3 ppm), it suggests that
this is due to crystalline LiI in the sample17. This is even more apparent with the shift being
more pronounced in sample 2 than in sample 1. MAS measurements were performed in order
investigate this further. Note that because of the large amount of Li in the LiAlO2 ceramic which
is immobile, the mobile percentage never rises to more than 20% of the total.
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Figure 6.4.8: Arrhenius plot FWHM of the narrow peak obtained from the deconvolution using DMfit v. inverse
temperature
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Figure 6.4.9: Integral intensity of the narrow peak as a percentage of the total signal from deconvolution v. inverse
temperature.
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Figure 6.4.10a: Li spectrum of sample 1 at 70°C along with fit and deconvolution.
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Figure 6.4.10b: Li spectrum of sample 1 at 80°C along with fit and deconvolution.
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Figure 6.4.11a: Li spectrum of sample 2 at 70°C along with fit and deconvolution.
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Figure 6.4.11b: Li spectrum of sample 2 at 80°C along with fit and deconvolution.

Again, the Li present in sample 2 was more mobile, but it is not possible to conclude if this more
mobile species contributes directly to conductivity. As expected there was also a larger signal
contribution due the presence of more LiI in the polymer. In both samples the mobile
component was not apparent until the samples were heated until at least 50°C. The appearance
of the second more mobile peak was not as apparent in sample 1 as it was in sample 2,
compared to the pure LiAlO2. This is shown in the stack plots in Figure 6.4.12 below. Note
however, that it is not possible to confirm 1:1 correlation between the immobile peaks and
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mobile peaks from the wide length NMR and the MAS NMR. In other words, the immobile and
mobile peaks that were seen in the static plot are not necessarily the same species that are
seen in the MAS.
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Figure 6.4.12a: Li MAS spectra for sample 1 (spinning speed = 20 kHz), sample 2 (spinning speed =17 kHz) and
pure LiAlO2 (spinning speed =20 kHz) at 25°C.
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Figure 6.4.12b: Li temperature stack plot of sample 1 spectra spinning at 20kHz.
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Figure 6.4.12c:

7Li

temperature stack plot of sample 2 spectra spinning at 17 kHz.

Sample 2 shows the presence of a shoulder at 25°C and 50°C and then the emergence of a
second peak can be clearly seen at 80°C. This was not seen in sample 1. The higher LiI content
in sample 2 is most likely responsible for this. De-convolutions were performed using DMfit
showing three peaks present in the spectra. Since 7Li is a spin 3/2 nuclei and the Li ions usually
reside in sights that have lower than cubic symmetry, there are often 2-components present in
a roughly 60/40 ratio, due to the quadrupole interaction resulting in unequal transitions
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between the m = ±1/2 states and the m=1/2 to m =3/2 and m=-3/2 to m=-1/2. When
integrating the three peaks there was a clear 60/40 ratio between the two broader peaks. This
was also seen at 50°C and 25°C although the mobile peak was much less intense as expected in
both samples. This effect was much more intense in sample 2 than in sample 1 which is shown
in the Figures 6.4.13. The MAS measurements also revealed a lack of uncomplexed crystalline
LiI as there would be an apparent peak at 500 Hz (4.7ppm)8 and this was not observed.
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Figure 6.4.13a: Li MAS spectrum of sample 2 at 80°C along with fit and deconvolution.
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Figure 6.4.13b: Li MAS spectrum of sample 1 at 80°C along with fit and deconvolution.
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Al MAS measurements were performed on both samples as well as the pristine LiAlO 2.

There was no difference in the spectra for the 3 temperatures of PEM’s and the pristine LiAlO2.
This indicates that the preparation of the composite films via EPD does not induce any changes
in the aluminum local bonding or nanostructure. Furthermore, using DMfit to fit the spectra, it
was determined that the LiAlO2 used was γ-LiAlO2. This was determined from the fits by the
chemical shift (84ppm), the quadrupolar constant (cQ= 3230 kHz), and the anisotropy of the
chemical shift (η=0.58) which agrees with the literature.18 A stack plot of the spectra is shown
below in Figure 6.4.14.
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Figure: 6.4.14a:
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Al MAS temperature spectra for sample 1 along with fit obtained using DMfit.
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Figure: 6.4.14b: MAS temperature spectra for sample 2 along with fit obtained using DMfit.

The second peak that is located around 12 ppm is likely 4-4 coordinated α-LiAlO2 impurities
formed in the deposition process.

6.5 Conclusions:
In this work the physical, mechanical, and electrochemical properties of a composite
LiI:PEO:LiAlO2 solid electrolyte membrane prepared by electrophoretic deposition was
presented. The low cost preparation makes this method of production enticing for future
membranes. NMR and conductivity data shed some light on the ion transport mechanism, in
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particular providing evidence for an interfacial conduction pathway that is roughly temperature
independent.
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